We investigated how the perceptual visibility of a target influences the pattern of microsaccadic eye movements expressed during generalized flash suppression. We found that the microsaccade rate was highly dependent on the reported visibility of the target. In the visible trials, the microsaccade rate promptly rebounded to the pre-onset level, whereas on the invisible trials the rate remained low, reaching pre-onset levels hundreds of milliseconds later. In addition, the directional distributions of microsaccades were biased to the target positions in the visible condition. The present findings indicate that the microsaccade behavior is highly correlated with the perceptual state of target visibility, and suggest that the measured microsaccade rate and direction are reliable indicators of the perception.
Introduction
The largest eye movements during normal fixation are microsaccades that are rapid and involuntary jerks of the eyes (generally <1°). They are generally considered to share the same neurological control system with larger saccades, as they both fall onto the socalled ''main sequence" for saccadic eye movement (Bridgeman & Palca, 1980; Zuber, Stark, & Cook, 1965) . Microsaccades typically occur at rates of 1-2 s À1 , interspersed by slower fixational drifts (Winterson & Collewijn, 1976) .
The role of fixational eye movements in visual perception has been debated for more than five decades (for a review see Martinez-Conde, Macknik, & Hubel, 2004) . Once disregarded as nervous tics presenting a potentially interesting ''evolutionary puzzle" (Kowler & Steinman, 1980; Steinman, Haddad, Skavenski, & Wyman, 1973) , these tiny eye movements have recently received new attention, and been the object of considerable research. This revival is primarily due to new findings in neurophysiological and behavioral studies, thanks to technical advances in neuronal signal recording in vivo and in detecting miniature eye movements Santini, Redner, Iovin, & Rucci, 2007) . Recent neurophysiological evidence in awake monkeys has shown that microsaccades modulate neural activity in various areas along the visual pathway (Bair & O'Keefe, 1998; Gur, Beylin, & Snodderly, 1997; Leopold & Logothetis, 1998; Martinez-Conde, Macknik, & Hubel, 2000 Snodderly, Kagan, & Gur, 2001) , indicating that these movements may have a fundamental role in visual processing.
More recently, behavioral studies have established links between microsaccade and cognitive activity in two aspects. First, the investigations have found important roles for miniature eye movements, including drifts, in enhancing fine spatial details (Rucci, Iovin, Poletti, & Santini, 2007) . In addition, the rate of microsaccades correlated with the visibility of peripheral stimuli during prolonged fixation (Martinez-Conde, Macknik, Troncoso, & Dyar, 2006) . Both studies indicate that the perceptual improvement originates from the modulations introduced by microsaccades in visual input to the retina, suggesting a bottom-up flow of information leading to microsaccade-driven perception. Second, clear evidence supports the notion that some kinds of microsaccade behavior are influenced by attention and other cognitive variables, e.g. (Steinman, Cunitz, Timberlake, & Herman, 1967) . Several recent studies have reported that (1) the absolute microsaccade rate (number per second) is modulated by spatial attention Galfano, Betta, & Turatto, 2004; Hafed & Clark, 2002; Rolfs, Engbert, & Kliegl, 2005) , working memory (Betta, Galfano, & Turatto, 2007; Turatto, Valsecchi, Tame, & Betta, 2007; , ocular (Rolfs, Laubrock, & Kliegl, 2006) and manual (Betta & Turatto, 2006) motor preparation, and (2) the microsaccade direction is modulated by a shift of spatial attention induced by either endogenous Laubrock, Engbert, & Kliegl, 2005) or exogenous (Galfano et al., 2004; Hafed & Clark, 2002; Laubrock et al., 2005; Rolfs, Engbert, & Kliegl, 2004) cues. This body of literature raises the hypothesis that the behavioral characteristics of microsaccades (e.g. amplitude, duration, velocity, rate and direction) may also be 0042-6989/$ -see front matter Ó 2008 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres. 2008.10.015 reliable indicators of cognitive states of perception during visual suppression (Wilke, Logothetis, & Leopold, 2003) and other multistable perception (Ito et al., 2003; Leopold & Logothetis, 1999; Sabrin & Kertesz, 1980 , 1983 van Dam & van Ee, 2006) . On the one hand, changes of microsaccade behavior (e.g. microsaccade rate) may influence the process of vision at lower level (e.g. visual fading) and may thus contribute to the maintenance or suppression of the dominant stimulus at higher level. On the other hand, the stimulus in perceptual dominance may concurrently bias a subject's attention, which, in turn, could be reflected in the variation of microsaccade behavior (e.g. rate and direction).
In this work, we report the results of microsaccade behavior observed in non-human primates experiencing general flash suppression (GFS) (Wilke, Logothetis, & Leopold, 2006; Wilke et al., 2003) . The investigation had been planned as a follow-up study to examine microsaccadic patterns induced in GFS paradigm. In the GFS, a salient, monocular target is induced to subjectively disappear in an all-or-none and sustained fashion following the sudden presentation of a binocular surrounding pattern. We show that in this paradigm the pattern of microsaccades is distinctly different according to the state of visibility of the target. Specifically, we found that when fixating subjects experienced GFS, the occurrence rate of microsaccades always dropped to near-zero after the surround onset. After this initial decrease, the microsaccade rate in the next several hundred milliseconds was highly dependent on the reported visibility of the target. In the visible trials the microsaccade rate promptly rebounded to the pre-onset level, whereas on the invisible trials the rate remained low, reaching pre-onset levels hundreds of milliseconds later. In addition, microsaccade directions were affected, in that they showed different distributions between the visible and invisible trials. Amplitude, microsaccade duration, and peak velocity did not show significant correlation with perception. In the Discussion, we speculate on the links between the behavior of microsaccades and perceptual suppression, and on the underlying neural mechanism of the phenomenon. Our results indicate that microsaccade behaviors are primarily influenced by higher cognitive activities.
Materials and methods

Experimental method
Since the GFS paradigm and the experimental setups have been reported in detail elsewhere (Wilke et al., 2003 (Wilke et al., , 2006 , we provide only a brief description here. The GFS paradigm refers to a specific stimulus sequence (see below) to induce a complete disappearance of a salient target for at least hundreds of milliseconds upon the onset of a surround. It combines the principles of binocular rivalry flash suppression (Wolfe, 1984) and motion-induced blindness (Bonneh, Cooperman, & Sagi, 2001 ) to allow for experimental control over the time course of perception.
The experimental sequence of the GFS paradigm as used in the current study is shown in Fig. 1 . The monkey was placed in front of a stereoscope. During each session, a typical trial started with a warning tone to cue the monkey to maintain fixation at a small central disk (0.15°). The spatial resolution of each monitor was 1280 Â 800 pixels with an eye-screen distance of 110 cm and a refresh rate of 90 Hz. A circular aperture of 14.5°diameter restricted the visible portion of the screen. The head of the monkey was fixed with a custom-made titanium head post. The monkey was required to maintain fixation within a fixation window (0.6°) throughout the whole trial. 1400 ms before surround onset, a target was turned on at a parafoveal location on the screen. The target consisted of a uniform red monocular disk or a Gabor patch with a size of 1.0°. In the sessions included in this analysis, all targets were displayed in the lower half of the screen. The additional surround pattern, consisting of randomly moving white dots, was suddenly presented binocularly to the regions surrounding the target. Monkeys indicated the visibility of the target by means of a lever. They were required to hold the lever at least in the interval between target and surround onset. A monkey had to hold it as long as the target was visible and to release it as soon as the target was invisible. If the target became invisible (either by perceptual suppression or physical removal), the monkey had to release the lever within 1000 ms after surround onset and keep fixation for another 800 ms. Catch trials, in which the target was physically removed, or the parameters were adjusted to make it unambiguously visible, were continually interleaved with ambiguous trials in order to ensure correct behavioral performance. In this study, the probability of perceptual suppression of the target after surround onset was adjusted to about 50% as determined with psychophysical testing (Fig. 2 in Wilke et al., 2006) . Specifically, for each monkey the parameters of surround density (number of moving dots per unit area of the surround pattern, dots/deg 2 ) and target-surround distance (the distance between the target and the closest moving dot, deg) were varied. In agreement with the previous study, the monkeys reported target disappearance more frequently when the density of the surround pattern was increased, or when its inner edge was closer to the target. Based on monkeys' reports, the parameter values of the test stimulus fixed so that the target would subjectively disappear in approximately half the trials. Three adult Macaca mulatta monkeys (ER, WA and DA) participated in the experiments. In total, 28 sessions of data have been analyzed (ER = 13, WA = 10, DA = 5). The trials were classified into two categories according to the two perceptual states, namely, the ''invisible", in which the monkeys released the lever to indicate the subjective disappearance of the target, and the ''visible", in which the target was perceived to be visible throughout the whole trial. The total number of trials involved in the invisible condition was 795 (ER = 403, WA = 244, DA = 148) and in the visible condition 783 (ER = 244, WA = 414, DA = 125). Thus, the proportions of ''invisible" trials of each monkey are ER = 62.3%, WA = 37.1% and DA = 54.2% and the proportion of total ''invisible" trials is 50.4%. In addition, a control condition, namely ''physical disappearance", in which the target was physically removed from the screen simultaneously with the onset of the surround pattern was examined (totaling 1297 trials: ER = 353, WA = 595, DA = 349) to further establish the relationship between perceptual suppression and microsaccade rate.
Eye movement recording
Eye positions were monitored by means of a single scleral search coil (CNC Engineering, Seattle, WA) with a high spatial resolution less than 0.01° (Collewijn, 1998) . At the beginning of each session, the offset of the eye positions was zeroed to the animal's center of gaze. The gains of horizontal and vertical movements were then calibrated by having the monkey repeatedly saccade to one of the seven small squares (0.1°per side) placed on the screen. The monkey's eye positions were checked on-line. When the monkey moved the eyes outside of the fixation window (radius 0.5-0.6°), trials were automatically aborted and the on-line fixation check introduced a penalty to the animals in the form of less reward. Horizontal and vertical eye position was digitized at a sampling rate of 1 kHz.
Microsaccade detection
Then, the algorithm proposed by Engbert and Kliegl(2003) ) was employed to identify the microsaccades that occurred between the display of the targets and 1000 ms after the onset of surround patterns (2400 ms interval). Since the search coil was implanted only to one eye, the algorithm was adapted for detecting microsaccades monocularly. The time series of eye positions was transformed into velocities calculated over a moving window of five samples. A microsaccade process was defined as the period in which the following conditions were satisfied: (1) the angular eye velocity exceeded a combined threshold, which was four times the median-based standard deviation of the velocity distribution (k = 4), computed independently for horizontal and vertical components and separately for each trial; (2) the minimum microsaccade duration was set to 8 ms (Leopold & Logothetis, 1998) ; (3) the amplitude of a microsaccade was between 1 0 and 36 0 (Wilke et al., 2006) ; and (4) the maximum peak velocity was set to 110°/s (Martinez-Conde et al., 2004) . Since the fixation window was small (0.6°), the upper limit of velocity can effectively exclude outliers to keep the detected microsaccades close to the main sequence. In addition, the microsaccades that happened less than 100 ms after their predecessors were discarded, in order to prevent the corrective movements (Moller, Laursen, Tygesen, & Sjolie, 2002) from being counted as a new microsaccade.
To verify the validity of the detected microsaccades, we examined whether the eye movements classified as microsaccades satisfied the main-sequence criterion (Zuber et al., 1965) : a linear correlation between peak saccadic velocity and amplitude. The peak velocity-amplitude relationship of microsaccades in both conditions is depicted in Fig. 2 . Panels (A.1) and (B.1) show the relationship of the microsaccades detected after target onset from the pool of all three monkeys in the ''invisible" and ''visible" condition, respectively. To facilitate the understanding of the analysis of microsaccade dynamics posterior to the surround onset (see below), the velocity-amplitude relationships of the microsaccades in this period are shown in panels (A.2) and (B.2) for the two conditions, respectively. The results showed evident linear relationship supported by high correlation coefficients, which are consistent with the previous findings Galfano et al., 2004; Moller et al., 2002) . Therefore, the linear relationship verifies that the events detected by the algorithm are valid microsaccades.
Results
Here, we examined the effect of target visibility on the pattern of microsaccades. Following the onset of a surrounding pattern of randomly moving dots in the GFS experiments (Wilke et al., 2006) , a salient target can have a high probability of complete disappearance, remaining perceptually suppressed for several seconds. The parameters of the visual stimuli were adjusted to induce disappearance of the target in approximately 50% of the trials, providing half of the trials in which the target remained visible and half in which it became invisible (Wilke et al., 2003 (Wilke et al., , 2006 .
Amplitude, duration and peak velocity
We first examined the parameters of microsaccade amplitude, duration and peak velocity after surround onset. Fig. 3 depicts the mean values of these parameters for ''invisible", ''visible" and ''physical disappearance" conditions. The average measures were first calculated for each monkey in both conditions and then the between-subject mean was obtained. The error bars represent one standard error of means (±1 SEM). As shown in the figure, there is no significant difference of the means in these three parameters for the three perceptual conditions. The results indicate that the microsaccade amplitude, duration and peak velocity in general are not sensitive to different perceptual states of the monkeys. Note that Martinez-Conde et al. (2006) reported an increase of microsaccade amplitude before intensifying visibility in Troxler's effect experiments. However, their method was eventtriggered average by aligning the measures at the moment of percept transit. Thus, their results of amplitude increase reflect the microsaccade dynamics before perceptual transition, while the results in Fig. 3 are grand averages.
Microsaccade rate
We investigated the effect of different perceptual states on microsaccade rate posterior to surround onset. In contrast to the above parameters, the absolute microsaccade rate was strongly influenced by the target visibility. We calculated the overall mean microsaccade rates in both conditions by averaging the mean rates of the three monkeys (Fig. 4A) . For each monkey, the mean rate was obtained by averaging the total number of microsaccades across trials after surround onset. As shown in Fig. 4B , all three monkeys display a decrease of microsaccade rate in the ''invisible" and ''physical disappearance" condition compared with the visible condition. Single-sided paired (''invisible" rate-''visible" rate) ttest was conducted to demonstrate significant lower mean rate in the ''invisible" condition than that in ''visible" condition (p = 0.012, T statistic = À6.3060, degree of freedom = 2).
We then examined the variations of microsaccade rate over time as a function of perceptual states. A pre-onset mean rate of 1.08 microsaccades per second was obtained (computed in [À300, 0] ms) as the baseline rate, which is in good agreement with previous reports (Bridgeman & Palca, 1980; Galfano et al., 2004) . As shown in Fig. 5 , modulation of microsaccade rate exhibits a clear separation of rate curves corresponding Fig. 1 . Illustration of generalized flash suppression (GFS) experimental paradigm. The figure shows the stimulation sequence and the states (held or released) of the lever provided to monkeys. Monkeys were required to maintain fixation after the appearance of fixation spots (FIXATION). They fixated on the central spots for 300 ms (in some sessions 500 ms) before the presentation of the target stimulus (red disk). After 1400 ms of the target only presentation (TARGET ON), a surrounding pattern consisting of randomly moving dots was added to the presentation (SURROND ON). Monkeys were required to hold the lever as long as the target was visible. If the target became invisible, either through perceptual suppression or physical removal, they had to release the lever within 800 ms. to different conditions. In panel (A) a strong inhibition of microsaccade rate (i.e. a rapid drop that began around 50 ms and reached its minimum close to zero at about 200 ms) is evident in both conditions. This stereotyped suppression of microsaccades immediately following a change of display has been repeatedly observed in a number of studies, e.g. (Betta & Turatto, 2006; Bridgeman & Palca, 1980; Galfano et al., 2004; Laubrock et al., 2005; . In our study, however, we did not observe an obvious rebound of microsaccade rate over the pre-surround-on baseline (%1.08 /s). In the visible condition, microsaccade rate following the inhibition quickly returned to the baseline in about 250 ms posterior to the rate minimum 18.5 15.3 33.9 Fig. 3 . Microsaccade parameters of amplitude, duration and peak velocity in the ''invisible", ''visible" and ''physical disappearance" conditions. The microsaccades were detected after the onset of the surround patterns. The between-subject mean value of each parameter was first obtained for each monkey and then averaged across the three monkeys, which are shown above the bars for each condition. Error bars indicate 95% confidence intervals based on the standard error of mean (SEM).
(slope = 1.08/0.25 % 4.32/s). It subsequently stayed at this level without significant deviation from the baseline (i.e. the baseline was generally in the ±1 SEM band). The trace of rate enhancement in the invisible condition is different. Following the decrease, the microsaccade rate slowly recovered to the baseline level at least 700 ms posterior to the rate minimum (slope = 1.08/0.70 % 1.54/ s). A period of significant separation of the two average rate curves can be identified between 228 and 889 ms after the surround onset. The significance is defined as the distance between the two curves is not less than the sum of one ''visible" SEM and one ''invisible" SEM.
To study whether the modulation of microsaccade rate is statistically significant, we focused on four consecutive 300-ms time windows to obtain statistical analysis of microsaccade rate, one before and three after surround onset, covering the range from À300 to +900 ms. Mean rate was calculated for each monkey for each combination of perceptual condition (invisible and visible) and window position. A repeated measures analysis of variance with the factors of perceptual condition and window position (twoway ANOVA) was conducted to show that differences between time windows, F(3, 16) = 15.61, p < 0.001, and between perceptual conditions, F(1, 16) = 22.49, p < 0.001, were highly significant. In addition, the effect of perceptual condition Â window position interaction was also significant, F(3, 16) = 6.89, p < 0.01. The results demonstrate that the difference observed in post-surround-onset microsaccade rates is statistically significant.
In order to further investigate the relationship between perceptual suppression and microsaccade rate, we examined the rate dynamics in a control condition of ''physical disappearance". For average microsaccade rates (Fig. 5A) , we can see that after surround onset, the rate trace in the ''physical disappearance" condition closely followed the trace in the ''invisible" condition until around 600 ms, while it was significantly separated from that in the ''visible" condition in this interval. The pattern was reversed between about 600 and 800 ms. The microsaccade rate in the ''physical disappearance" condition did not show statistically significant difference from the rates in the ''invisible" and ''visible" condition after about 800 ms. Similarity between the rate traces was measured by calculating their correlation coefficients. We found that, after surround onset, the coefficient between the ''invisible" and ''physical disappearance" conditions (r = 0.9) was higher than that between the ''visible" and ''physical disappearance" conditions (r = 0.6). The results suggest that the perceptual suppression of the target is unlikely caused by the reduction of microsaccade rate (see Section 4).
In summary, we have observed a common drop of microsaccade rate immediately after surround onset, but different processes of rate enhancement in different perceptual conditions. In the visible condition, the initial inhibition of microsaccade rate was followed by a relatively quick rate recovery to the pre-surround-onset baseline level. The rate then stayed at this level for the rest of the observation. In the invisible condition, a rather long period of rate enhancement followed the rate inhibition and did not return to the baseline level until %900 ms posterior to surround on. However, in neither condition did we observe a rebound of microsaccade rate over the baseline level following the microsaccade inhibition. The evolution of microsaccade rate in the ''physical disappearance" condition is close to that in the ''invisible" condition.
Microsaccade direction
To explore possible interaction between perceptual condition and microsaccade direction, we first analyzed polar plot histogram of microsaccade directions in the conditions of ''invisible", ''visible" and ''physical disappearance". The direction of a microsaccade was defined as the angle between the microsaccade vector and x-axis in the screen coordinate. In Fig. 6 , a comparison of histograms of microsaccade directions in both conditions reveals a tendency of microsaccades to be predominantly directed downward in the visible condition after the onset of surrounding patterns. Since all the targets located in the lower half of the screen, the microsaccades may be divided into two categories: ''toward-target (downward) microsaccades" whose directions were in the range À180°6 h < 0°and ''opposite-to-target (upward) microsaccades" for the rest. The histograms in the polar coordinates show that the toward-target microsaccades occupied a higher proportion (76.4%) in the ''visible" condition than that (60.5%) in the ''invisible" condition. A two-sample Kolmogorov-Smirnov (KS) distribution test was performed for the null hypothesis that the directions of microsaccades under the ''invisible" and ''visible" conditions were drawn from same continuous distributions at the 5% level of significance. For the pre-surround-onset 300-ms interval, we cannot reject the null hypothesis, while the distributions are significantly different (K = 0.207, p < 0.001) after surround onset (from 0 to 1000 ms). In the control condition of ''physical disappearance", the proportion of downward microsaccade (66.6%) is approximately 6% higher than that in ''invisible" condition and 10% lower than that in ''visible" condition.
Next, we analyzed the change of microsaccade directions as a function of time. The directional frequency was computed in a 100-ms time window moving by 1-ms steps as the difference between the rate of downward (toward-target) microsaccades and the rate of upward (opposite-to-target) microsaccades. Fig. 7 shows that in all perceptual conditions the average rate of microsaccade directed downwards was higher before surround onset. Similar to the change of microsaccade rate, a rapid change of directional rate started around 100 ms and reached zero level at about 200 ms after surround onset. In the ''visible" condition, the trace (C) "Physical disappearance" Fig. 6 . The directional distributions of microsaccades detected after surround onset. Polar plots of microsaccade direction probability density were computed from 30 equally spaced directional bins for three conditions (''invisible", ''visible" and ''physical disappearance"). The distance from the center of the plot represents the proportion of the microsaccade contained in a 12°bin. Direction is defined by the angle between the microsaccade vector and the x-axis of the screen coordinates (0°i n the polar coordinates). The distribution in the ''invisible" condition shows a smaller proportion of downward microsaccades (60.5%) than that in the ''visible" condition (76.4%). About 2/3 of the microsaccades in the ''physical disappearance" condition were downward (66.6%).
of average rate after about 350 ms was lower than zero, indexing a bias toward the target locations. On the other hand, the average directional rate generally did not deviate from the zero level significantly in the ''invisible" and ''physical disappearance" conditions, although a tendency of negative directional rate was observed at the later portion of the recording. This result suggests that when the targets disappeared, either through perceptual suppression or physical removal, the monkeys produced the microsaccades directed in both directions at approximately equal rates. Although the directional rate traces in all three conditions were not significantly separated in general after surround onset, the ''invisible" or ''physical disappearance" rate kept higher after around 350 ms, implying that less downward microsaccades were produced in these conditions.
Discussion
The aim of the present study was to investigate the pattern of microsaccades during perceptual suppression of a salient visual stimulus. A fast initial decrease of the (absolute) microsaccade rate in response to abrupt onset of the surrounding patterns was observed in both perceptual conditions. This effect of microsaccade inhibition has been noted in previous studies to occur irrespective to cue properties (e.g. color, symbol or flash) Laubrock et al., 2005; , cue class (endogenous or exogenous) Laubrock et al., 2005) and sensory modality of the stimuli (visual or auditory) (Rolfs et al., 2005; Valsecchi & Turatto, 2008) . In GFS experiment, this microsaccade rate signature also occurred in response to surround onset, irrespective to the resulting visibility states. Our results thus support the notion that initial microsaccade inhibition is a fast reflex of the oculomotor system to a sudden display change. Similar findings of rate suppression have also been reported for larger saccades (Graupner, Velichknovsky, Pannasch, & Marx, 2007; Pannasch, Dornhofer, Unema, & Velichknovsky, 2001; Reingold & Stampe, 2000) , but it was reported that the inhibition of large saccade could not be induced by irrelevant auditory stimuli (Reingold & Stampe, 2004 ).
However, the traces of rate increase immediately following rate inhibition are remarkably different. They were significantly separated from about 200 to 900 ms after surround onset. In the visible condition, the microsaccade rate returned to its baseline level at about 450 ms and subsequently stayed at this level. Since the target was presented parafoveally, the increase in the microsaccade rate might be relevant to information processing within these areas. One potential function of these tiny saccadic movements was to counteract fading of the target, possibly contributing to the sustained perception of the target. Our findings, however, do not support the suggestion that microsaccades actually cause target reappearance in the visible condition, because both human (Wilke et al., 2003) and monkey (Wilke et al., 2006) experiments only reported an all-or-none fashion of target visibility, rather than the presumed perception switch, i.e. target disappearance followed by its reappearance. The results thus indicate that microsaccades are primarily driven by the stimulus and task.
In contrast to the previous reports Galfano et al., 2004; Rolfs et al., 2004) , we did not observe an over-baseline rebound effect. Our results are not necessarily in contradiction to their findings. The experimental paradigms were entirely different. The rebound effect was generally observed after spatial cue onset in the previous experiments. Because of the requirement of fixation, one hypothesis suggests that the enhancement of the microsaccade is the ''leakage" due to the cancellation of reflexive cue-directed saccade (Laubrock et al., 2005) . Interestingly, the microsaccades in this period were usually directed opposite to the cue, which might be explained by the ''saccadic inhibitory hypothesis" Rolfs et al., 2004) , that mandatory fixation leads to a general inhibition of all (micro) saccades congruent with the direction of peripheral cue, which in turn might result in a majority of microsaccades directing opposite to the cue. In GFS, the recovery process was observed after the surround onset instead of cue. Therefore, the inhibition of reflexive large saccade was not necessary, which might account for the absence of the over-baseline rebound. Moreover, the monkeys were required to maintain fixation with high precise (within a 0.6°win-dow) in the tasks, in which the on-line fixation check introduced a penalty to the animals for moving the eye outside window. Thus, our paradigm resembled a high-acuity observation task for which strong microsaccade inhibition was reported (Bridgeman & Palca, 1980) . It is possible that top-down or attentional influences was sufficient to eliminate the tendency for over-baseline rebound. Finally, the inhibition-rebound pattern of microsaccade rate was mainly reported in human subjects so far. Although microsaccades are quite similar between humans and macaque monkeys (Martinez-Conde et al., 2004) , it is not clear whether the monkeys will produce the same effect. In addition, we have checked that the absence of over-baseline rebound was not caused by excluding those microsaccades following their predecessors within 100 ms.
In the invisible condition, the process of microsaccade rate recovery was relatively slow. It is significantly smaller than the rate under the visible condition until around 900 ms after surround onset, showing a strong inhibition of microsaccade during this period. Because of the identical visual stimuli under the two conditions, this extended period of microsaccade inhibition is clearly correlated to the perceptual state of target invisibility. Prolonged microsaccade inhibition was observed in the studies of visual oddballs , in which the microsaccade rate in response to active oddball stimuli took longer time (about 300-400 ms longer than that in standard stimuli) to recover from the minimum to the overall rate in oddball trials. It was suggested that the slow process of rate increase was caused by high cognitive load that was thought to be linked to information updating in working memory, but the possibility that the rate was modulated by the level of attention load could not be excluded . In GFS, however, the perceptual suppression of a salient visual stimulus does not seem to incur high load of cognitive process, although widespread activity in visual cortexes is expected (Leopold & Logothetis, 1999; Wilke et al., 2006) . Furthermore, the period of the prolonged inhibition is much longer than that observed in oddball paradigm (300-400 ms longer). These evidences suggest that the modulation of microsaccade rate in the invisible condition might be driven by top-down influences other than working memory. The underlying mechanisms that account for the rate inhibition are not clear. One potential mechanism may be the spatial attention shift, when monkeys shifted their attention to the surrounding patterns in periphery while their eyes were kept fixation. This is supported by the observation that the microsaccade directions were biased away from the targets in the ''invisible" condition (Fig. 7) , since the modulated microsaccade direction correlates to shifts in spatial attention Hafed & Clark, 2002) . However, Valsecchi and Turatto, 2008; excluded the effects of the shift of spatial attention on the prolonged rate inhibition observed in oddball stimuli. A more speculative explanation might be derived from the hypothesis that multistable vision (or multistable perception in general) is a behavioral action of the brain involving higher cognitive process, rather than a passive sensory response confined in the visual system (Leopold & Logothetis, 1999) . According to this hypothesis, motor-directed actions and perceptual transients might work together to achieve a meaningful perception in response to a challenging stimulus. Thus, the prolonged inhibition of microsaccade in ''invisible" condition could be an optimal strategy of the brain to maintain the enduring perceptual state, i.e. to keep the target invisible. Finally, the similarity of the rate evolution between the ''physical disappearance" and ''invisible" condition does not support the notion that the microsaccade behavior leads to the invisibility of the target, as the physical removal of the stimuli cannot be induced by microsaccade activity. Thus, the result favors an alternative interpretation that the visibility states themselves, or associated motor preparation/attentional factors, influence the patterns of microsaccade behavior. However, it is possible that microsaccade activity with higher frequency in the ''visible" condition contributes to the maintenance of the formed perceptual state by refreshing retina images and counteracting fading.
Since the invisible state of the monkey's perception was indicated by the lever release, it was suspected that the observed rate reduction in the ''invisible" condition could also reflect the influence from the motor to the oculomotor area. One previous study (Betta & Turatto, 2006 ) associated the reduction of microsaccade rate with manual motor preparation. However, their experimental paradigm was different and it is not clear whether the same effect exists in the paradigm of visual suppression. Note also that in the ''visible" condition the monkey held the lever throughout the trial, preparing lever release as soon as the target became invisible. If motor response preparation played a major role in rate suppression, we would expect a similar rate inhibition in this condition, since the monkey was in the mode of motor preparation as well. However, we have not observed such inhibition in the ''visible" condition. Moreover, an additional analysis of the data collected under a training condition of ''physical disappearance (fixation only)" has been made. In this condition, the stimulus sequence was the same as that in the condition of ''physical disappearance". However, the lever was not provided to the monkey, who was required to keep fixation within the fixation window throughout the trial. We found that the overall microsaccade rate after surround onset (in the interval of [0, 1000] ms) in this condition was 0.38/s. This value is close to the rate in ''physical disappearance" (0.47/s) and apparently lower than that in ''visible" (0.77/s) condition (see Fig. 4) . Because of the absence of the lever, response preparation effects on rate should be minimal, which suggests that the observed prolonged rate inhibition may be mainly correlated to visibility states of the subjects. Though it has been interpreted that the prolonged inhibition of microsaccade rate after surround onset is mainly associated with the perceptual state, the contribution of motor preparation to microsaccade rate reduction is also possible. Further investigation is necessary to clearly disentangle these two influences.
The dynamics of the microsaccade direction differed in the average directional rates between the two perceptual conditions, although they were not significantly separated. When the target was subjectively perceived, the trace of directional microsaccade rate was generally negative after surround onset, which indicates that more microsaccades directed toward the target than those opposite to it were produced in a unit time. On the other hand, in trials where the target became perceptually suppressed, after an initial increase, the directional rate generally did not deviate from the zero level. This means that the microsaccades directed to both directions occurred at an approximately equal rate. Recently, microsaccade direction has been linked to the shift of attention Galfano et al., 2004; Hafed & Clark, 2002; Laubrock, Engbert, Rolfs, & Kliegl, 2007; Rolfs et al., 2004 Rolfs et al., , 2005 (but see , that the vector of spatial attention is congruent with the directional vector of microsaccades. According to this hypothesis, our results imply that the target was more attended by the monkey when it was visible than it was not. Although there is a possibility that the observed downward directional distribution could be also attributed to the compensation of microsaccades for an upward drift, which is a common pattern for monkeys during fixation (Skavenski, Robinson, Steinman, & Timberlake, 1975) , this effect may only play a minor role, as the directional rates in both ''invisible" and ''physical disappearance" conditions did not show clear downward bias (Fig. 7) .
What are the implications for our understanding the physiological aspects of the relation between microsaccade and perceptual suppression? It was shown that low level manipulations that directly impact early sensory representations can exert large influences on the ultimate perception of the target (Wilke et al., 2003) . These manipulations involved ocular and spatial configuration of the visual stimulus. We suspect that the configuration might contribute to attention shift to the surroundings and thus disturb the global representation of the target, together with other factors (Wilke et al., 2003) , in higher level of the cortex.
To summarize, our findings demonstrate that the visual system displays specific patterns of oculomotor activity that reflects different states of visibility in GFS experiments. In general, during the perceptual disappearance of a salient target, the microsaccades were strongly inhibited and they were less directed towards the target. Because the visual stimuli are identical under either condition, it seems that the microsaccade rate and direction are well modulated by the subjective visibility states. Finally, the present results indicate that the oculomotor behavior may be a useful method to study the phenomena of multistable perception, as our results suggest that microsaccade rate and direction can be indicators of the inner perceptual states.
